Introduction {#Sec1}
============

Antiretroviral therapy (ART) has successfully transformed human immunodeficiency virus (HIV) infection from a fatal to a manageable chronic disease \[[@CR1]\]. Nonetheless, there remains critical factors to be addressed along with the roll out of effective ART regimens in order to eradicate HIV. We seek to investigate the impact of late diagnosis on the transmission dynamics of HIV. Mathematical modeling of HIV dynamics is quite advanced, see for instance the following works on HIV and the references therein \[[@CR2]--[@CR9]\].

We extend a more recent HIV/AIDS mathematical model developed by Omondi et al. \[[@CR8]\] to investigate the impact of late diagnosis on the spread and control of HIV. In their work, Omondi et al. \[[@CR8]\] proposed a five state deterministic compartmental model for the time evolution of population states to study the trend of HIV infection in Kenya. The model was premised on dividing the infected classes according to CD4^+^ T cell counts in the blood. For more information about the description of parameters and model analysis, readers are referred to Omondi et al. \[[@CR8]\].

The paper is arranged as follows; in \"[Main text](#Sec2){ref-type="sec"}\" section, we formulate and establish the basic properties of the model. The model is analysed for stability in this section. In \"[Results and discussion](#Sec11){ref-type="sec"}\" section, we carry out some numerical simulations. Parameter estimation and numerical results are also presented in this section. The paper is concluded in \"[Conclusions](#Sec15){ref-type="sec"}\" section.

Main text {#Sec2}
=========

The model {#Sec3}
---------

We propose a five state compartmental model for HIV that takes into account untimely initiation of HIV positive individuals into ART. The human population comprises classes; *S*(*t*), $\documentclass[12pt]{minimal}
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Analysis of the model {#Sec4}
---------------------

### Positivity of solutions {#Sec5}
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#### Theorem 1 {#FPar1}
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For more details on the proof of Theorem [1](#FPar1){ref-type="sec"}, we refer the reader to \[[@CR8]\].

### Invariant region {#Sec6}
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### Disease-free equilibrium and the basic reproduction number {#Sec7}
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### Local stability of the disease-free steady state {#Sec8}

The following theorem follows from van den Driessche and Watmough \[[@CR10]\] (Theorem [2](#FPar2){ref-type="sec"}).

#### Theorem 2 {#FPar2}
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### Backward bifurcation {#Sec10}

Theorem 4.1 proven in Castillo-Chavez and Song \[[@CR11]\] will be useful. We show that system ([3](#Equ3){ref-type=""}) undergoes a backward bifurcation. Let us make the following change of variables:
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#### Remark {#FPar4}

Epidemiologically, when a model exhibits backward bifurcation, this entails that it is not enough to only reduce the basic reproductive number to less than one in order to eliminate the disease.

Results and discussion {#Sec11}
======================

Numerical simulations {#Sec12}
---------------------

We carry out numerical simulations to support our theoretical findings.

Estimation of parameters {#Sec13}
------------------------

Parameter values used for numerical simulations are given in Table [1](#Tab1){ref-type="table"}.Table 1Parameter values used in numerical simulationsParameterDefinitionRangeValueSource$\documentclass[12pt]{minimal}
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Numerical results {#Sec14}
-----------------

Figure [2](#Fig2){ref-type="fig"} illustrates the effect of varying the parameter *r* on the prevalence of HIV. We note that increasing the parameter *r* results in an increase in the prevalence of HIV. In particular, increasing *r* from 0.1 up to 1.0 increases the prevalence rate of HIV with a level of approximately $\documentclass[12pt]{minimal}
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                \begin{document}$$28\%$$\end{document}$. This is a reflection that late diagnosis of HIV contributes to an increase in HIV infections. Thus, more effort should be directed towards encouraging individuals to get tested for HIV and ensuring those who are positive are timely initiated into ART treatment.Fig. 2Effect of varying parameter *r* on the prevalence of HIV, starting from 0.1 up to 1.0 with a step size of 0.01

Conclusions {#Sec15}
===========

A mathematical model that describes the dynamics of HIV/AIDS has been formulated using nonlinear ordinary differential equations. The model takes into account the impact of late diagnosis on HIV/AIDS transmission dynamics. Initiation into ART treatment of individuals with a CD4^+^ T cell count in the range 200--350\\μ L has been described by the function ([1](#Equ1){ref-type=""}). The model developed in this paper fits well with settings in most underdeveloped countries where stigma of HIV remains prevalent. Inclusion of the treatment function ([1](#Equ1){ref-type=""}) increases the realism of the model developed by \[[@CR8]\] and leads to some interesting dynamical aspects such as the occurrence of backward bifurcation.

In this study, it has been shown that the classical $\documentclass[12pt]{minimal}
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                \begin{document}$${\mathcal {R}}_0$$\end{document}$. Our results suggest that considerable effort should be directed towards encouraging early initiation into ART in order to reduce HIV prevalence. For instance, strategies such as the implementation of HIV self-testing programs would be of great help in the fight against HIV.

Limitations {#Sec16}
===========

Like in any model development, the model is not without limitations. The model can be extended to include the contribution of pre-exposure prophylaxis (PrEP) and other control measures not considered in the work.

AIDS

:   Acquired immune deficiency syndrome

HIV

:   Human immunodeficiency virus

ART

:   Antiretroviral therapy
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